Petrochemical industry wastewater is contaminated with nitrogen and phosphorous compounds, mainly ammonium and ammonium nitrogen, and therefore needs treatment before it is released in the watercourse. Usually, petrochemical wastewater treatment is carried out following the ion exchange principle. One of the possibilities of petrochemical wastewater pretreatment is using bentonite clays. Bentonite decreases the concentration of ions in the incoming wastewater and, as a consequence, the ion exchanger placed subsequently works more effi ciently. The experiment was carried out with alkali-activated granulated bentonite and acid-activated granulated bentonite. In this work, bentonite particle size, the quantity and the type of bentonite, as well as the time of the contact of bentonite and wastewater were optimized. It was found that the highest percentage of ion removal of 83% for ammonia ions and 71% for phosphate ions was accomplished when the model solution was treated with a mixture of acid-and alkali-activated bentonite for 5 minutes.
Introduction
Petrochemical wastewater contains phosphorous and ammonium compounds, mainly ammonium nitrate. The plant for the wastewater cleaning process operates on the ion exchange principle, while lake water can be used as a cooling medium for the cooling system in the fertilizer production plants. Petrochemical wastewater pretreatment is carried out to minimize the burden of the incoming fl ux of wastewater. When the burden of the incoming fl ux of wastewater is minimized, the ion exchanger works more effi ciently.
Recently, the application of mesh-structured aluminosilicate for wastewater treatment (a group of tectosilicates) has been on the increase. Zeolites, aluminosilicates of the skeletal structure with cavities and canals taken over by hydrated cations of relatively great freedom of movement, make ion exchange and reversible dehydration possible and therefore hold an important role in the group of tectosilicates (Falcioni and Deem 1999) . They are very effective at ammonium ion removal (up to 98%) from domestic wastewaters or synthetic solutions containing up to 150 mg of NH 4 + per litre (Nguyen and Tanner 1998) .
Ammonium and nitrate nitrogen removal can be accomplished by applying biological methods, that is, using microorganisms (Mulligan and Fox 1980) . In that way, for example, in the process of nitrifi cation and denitrifi cation, ammonium nitrogen biologically oxidizes into elemental nitrogen (Halling-Sørensen and Jørgensen 1993) . In order to increase nitrogen removal from solutions containing higher concentrations of nitrogen ions, a mixture of bacterial cultures is used (Joo et al. 2007) .
Phosphates are removed from water solutions by sedimentation with the help of aluminum salts (Al 2 SO 4 ) 3 , iron salts [Fe 2 (SO 4 ) 3 and FeCl 3 ], and lime. Lime concentration of 150 to 300 mg·L -1 is required for the removal of 80 to 90% of the phosphates, and pH should range from 9.5 to 11.5 (Hammer 1975) . One of the possibilities of wastewater pretreatment is applying bentonite clay. Such ion saturated bentonite can further be used as a mineral fertilizer or as an additive for cattle fodder. Wastewater pretreatment with bentonite decreases the high concentrations of ions in the initial solution and therefore increases the effi ciency of wastewater treatment.
In this work the experiments were carried out with alkali-and acid-activated granulated bentonite with different particle sizes. The possibility of ion removal from a model solution containing ammonia and P 2 O 5 with the help of alkali-and acid-activated bentonite was examined by means of passing the solution through a layer of bentonite, mixing it with the bentonite, or without mixing at all.
The effi ciency of ion removal due to the increase of the bentonite mass or the concentration of the solution was examined. In the same way, the impact of the combined treatment with acid-and alkali-bentonite on each of the solutions was also examined. Furthermore, the effect of ion removal from the model solution with isolated or combined action of acid-and alkali-activated bentonite was examined.
Bentonite clay falls into a group of aluminosilicates whose main features are defi ned by oxides, that is, aluminum and silicon hydroxides. The main component of bentonite clay is montmorilonite, a mineral that makes up 60 to 90% of the bentonite. The rest falls on ilite, chaolinite, crystallobite, quartz, and other nonclay materials of volcanic origin. Bentonites have a characteristic pearl shine and are greasy to the touch. They can often show shell-like refraction. The crude bentonite layers have a thickness of a few centimetres to a few meters. The colors of bentonite also vary from white to grey but it can also be yellow, green, blue, and black.
Montmorilonite structure is made up of two layers of silicon tetrahedrons connected in hexagons, between which, as in a sandwich, there is a layer of aluminum octahedron (Clem and Doehler 1961) (Fig. 1) . Important characteristics of bentonite clays are swelling, (i.e., great potential for water absorption), cation exchange, a water impermeable layer, ability to bond, and thixotropy. Thixotropy is a characteristic of water suspended bentonite to behave as a liquid under mechanical forces when it is mixed or circulated. When the mechanical forces are not applied, it behaves like a solid and forms a gel (Kerst et al. 1990) . Bentonite clays are used in the foundry industry, the construction industry, wine and juice production, the oil industry, glass production, pet litter, and fodder additives (Tomić and Krilov 2004; Trckova et al. 2004; Işçi et al. 2006 ).
Materials and Methods

Chemicals
In this work the following chemicals were used: potassium dihydrogen phosphate (Kemika, Zagreb, Croatia), ammonium chloride (Merck KgaA, Darmstadt, Germany), boric acid (Kemika, Zagreb, Croatia), sodium carbonate 
Analytical Methods
In order to determine the concentration of ammonium ions in the solution after it had been treated with bentonite, the solution was fi rst transferred to a Kjeldahl fl ask, in which a few drops of methyl red indicator had been put beforehand, and the inside of the fl ask was washed out with water. The fl ask was then closed with a stopper containing a dosage funnel and put on a distillation burner. Surplus 10 mol·L -1 NaOH was poured into the fl ask through the dosage funnel followed by distilled water which fi lled the dosage funnel to the top. The distillate was then caught in an Erlenmeyer fl ask containing 25 mL of boric acid and 7 drops of mixed indicator. Distillation started with turning on the distillation burner and letting the water run through the cooler. When two thirds of the Kjeldahl fl ask contents were redistilled, the distillation was fi nished. In order to determine the end of the distillation process, a universal pH paper (pH = 5) was used (ISO 5983:1997 [E] ).
Ammonia ions in the distillate were determined by titration with the standard sulfuric acid solution (H 2 SO 4 , with molar concentration of 0.1 mol·L -1 ) until the mixed indicator changed colour from green to clear pink. Phosphate ions in the solution after it had been treated with bentonite were determined by fi ltration of the phosphate ion solution through a dry fi lter paper (Munktell & Filtrak GmbH, purity grade: 391, a blue strip). The aliquot was taken out by a pipette and put into a 100-mL fl ask. Twenty (20) mL of molybdenumvanadium reagent was added to the solution; the fl ask was fi lled with distilled water to the mark and mixed thoroughly. The content of the fl ask was left to stand for 25 minutes after which the phosphorous ions were determined by spectrophotometer (Iskra MA 9524, SPEKOL 221) with a wave length of 420 nm in a 1-cm cuvette (ISO 6491:1998 [E] ).
Both analytical methods used were validated, and with a 95% confi dence range results had no statistical differences.
Activation of Bentonite with Acid
Acid-activated bentonite was made by adding 200 mL of acid solution of specifi c concentration (5, 12, 16, 18, and 20%) to 50 g of clay so that the portion of clay in the suspension was 20% of the dry matter. The suspension was cooked for four hours. After that, the suspension was fi ltered. The fi lter cake was washed out with hot distilled water until the fi ltrate was free of sulfate ions. The fi lter cake was then partially dried (30 to 40% of moisture).
The extruder extruded bentonite granules with size of 3, 5, or 7 mm. The granules were then dried in a drier at 105°C until their moisture dropped below 8%.
Activation of Bentonite with Base
Bentonite clay alkali-activation started with weighing 200 g of bentonite clay and determining its moisture level. A specifi c percentage of Na 2 CO 3 (3, 4, 5, 6, or 7%) was added, depending on the portion of the dry matter mass in the clay. Clay was then mixed with Na 2 CO 3 and left to stand for half an hour at room temperature. After that, water was added to obtain moisture of 35 to 40%. Clay was then extruded into granules with size of 3, 5, or 7 mm. Granules were dried in a drier at 105°C until their moisture level dropped below 8%.
Petrochemical Wastewater Treatment with Alkaliand Acid-Activated Bentonites
Experiments with ammonia ion removal were carried out with 20 g of bentonite granules. They were treated with 100 mL of NH 4 + ion model solution with a concentration of up to 500 mg·L -1 . The solution was obtained by dissolving NH 4 Cl in distilled water. Effi ciency of ammonia ion removal with acid-and alkali-activated bentonite was studied for dependence on:
the change in the percentage of the bentonite activator • 400, and 500 mg·L -1 ). P 2 O 5 solution was obtained by dissolving KH 2 PO 4 in distilled water. In order to remove P 2 O 5 , 20 g of bentonite granules were treated with 100 mL of P 2 O 5 ion solution, the concentration of which was up to 50 mg·L -1 . Effi ciency of phosphate ion removal with acid-and alkali-activated bentonite was studied for dependence on: the presence and absence of bentonite in the solution, Bentonite was mixed with the solutions in a 100-mL glass beaker in an electrical mixer with a mixer speed of 250 rpm.
Experiments with a mixed model solution containing NH 4 + ions, the concentration of which was 300 mg·L -1 , and P 2 O 5 ions, the concentration of which was 30 mg·L -1 , were performed identically. Namely, 100 mL of mixed model solution was mixed with 20 g of bentonite in a 100-mL glass beaker in an electrical mixer with a mixer speed of 250 rpm. All solutions, after they had been treated with bentonite, were fi ltered with a vacuum fi lter. The concentration of ions was determined using a clear fi ltrate.
Each experiment was performed in triplicate and with 90% confi dence intervals, results had no statistical difference.
Results and Discussion
Optimization of Bentonite Particle Size and Level of Bentonite Activation
The infl uence of bentonite particle size on effi ciency of ammonium ion removal from synthetic model wastewater (solution containing 300 mg·L -1 of ammonium ions) was studied. Three different granulations of acid-and alkaliactivated bentonite clays, namely particle sizes of 3, 5, and 7 mm, respectively, were examined. Acid-(16, 18, and 20%) and alkali-(3, 4, and 5%) activated bentonite were used in experiments in which 300 mg·L -1 of ammonium model wastewater solution was let through a layer of 20 g of bentonite. Experimental results are summarized in Table 1 .
With both types of bentonite, the highest effi ciency was achieved with the smallest particle size of 3 mm. This was in accordance with expectations. The smallest particle size led to the biggest surface area for ion transfer. At the same time, the highest effi ciency was achieved with alkali-activated bentonite due to the positive attraction of the sulfuric ions to ammonium ions. Smaller bentonite particles were quickly dissolved. As a result, a gel was formed that could not be mixed with the available mixer. This was the reason we did not test smaller bentonite particles. Therefore, all further experiments were conducted with particle size of 3 mm.
Additional experiments were conducted to determine optimal level of activation for acid-and alkali-activated bentonite clays in the treatment of ammonium rich wastewater (concentration = 300 mg·L -1 ). Experiments were carried out for 60 minutes, and different activation levels of acid-and alkali-activated clays were analyzed (Table 2) . Na 2 CO 3 from 3 to 7% was added to clay. Alkaliactivated bentonite clay with 5% of Na 2 CO 3 showed the highest effi ciency of ammonium ions removal. A further increase of the activation level did not result with a signifi cant improvement of removal effi ciency (up to 7% of Na 2 CO 3 for bentonite activation). The optimal effi ciency can be explained by the fact that bentonite, aside from dominant sodium ions, contains a smaller percentage of calcium ions (Clem and Doehler 1961) . Further, the sodium ion portion increase did not lead to a greater ion removal effi ciency. Even if the complete exchange of calcium with sodium can be obtained, no greater effi ciency will be exhibited. This is because the characteristics of natural sodium bentonite cannot be accomplished only by exchanging ions. Also important are the conditions under which sodium bentonite was created.
The highest effi ciency for acid-activated bentonite clay was achieved with 16% sulfuric acid. For the correspondingly smaller or higher levels of clay activation, a signifi cant decrease of effi ciency was determined. Insuffi ciency of the corresponding sulfuric ions was the main reason for the lower effi ciency of ion removal for the lower concentration of sulfuric acid used in the clay activation process. On the other hand, the increase of acid concentration did not lead to the higher ion removal effi ciency. Acid activation led to the dilution of the aluminum layer from the montmorilonite structure (Lopez-Gonzalez and Deitz 1952). The highest effi ciency was reached when approximately half of the aluminum layer was diluted (aluminum layers represent an active center for the reaction). With further acid activation, the remaining aluminum layers started diluting, which led to the decrease of ion removal effi ciency because active centers were diluted, i.e., disappeared (Pushpaletha et al. 2005) .
Ammonia Ion Removal
High ammonia ion removal was noted when 100 mL of ammonia ion solution with a concentration of 300 mg·L -1 was mixed with 20 g of bentonite granules in comparison with the test when the solution was directly let through a layer of bentonite (Table 3) . That was especially the case with alkali-activated bentonite, which after longer standing, i.e., mixing with the solution, started swelling (forming a gel). Clay swelling occurred because water molecules entered the intermediate layer and caused the spreading of the crystal structure when bentonite was in contact with water (Clem and Doehler 1961) . In that case the volume of bentonite grew from 15 to 20 times in comparison with dry bentonite and increased the ability to absorb ammonia ions.
When alkali-activated bentonite was mixed with ammonia ion solution, a higher effi ciency of ion removal was achieved than when there was no mixing of suspension (Table 3) . This is understandable because the contact between bentonite and the solution was better in that case. Mixing bentonite with solution took less time for approximately the same effi ciency of ion removal. Without mixing, bentonite swell and ion removal of 75.5% was achieved for 60 minutes, while with mixing, bentonite swell and ion removal of 76.7% was achieved for only 5 minutes. Longer mixing of bentonite and the solution did not lead to better absorption. On the contrary, it was even poorer. In comparison with alkaliactivated bentonite, acid-activated bentonite did not exhibit swelling characteristics.
Treating bentonite with acid (acid activation) resulted in partial removal of a layer of aluminium octahedron, placed between the two layers of silicon tetrahedron, making swelling impossible (Lopez-Gonzalez and Deitz 1952). Ion removal with acid-activated bentonite occurred at the surface of bentonite and it could not absorb the full volume of solution, as was the case with alkali-activated bentonite. It is for this reason that acidactivated bentonite exhibited poorer effi ciency in ion removal than alkali-activated bentonite.
Mixing acid-activated bentonite with ammonia ion solution did not signifi cantly increase the effi ciency of ion removal, i.e., the effi ciency of ion removal was almost the same, regardless of whether bentonite was mixed with solution or not (Table 3 ). In the same way, longer contact of acid-activated bentonite with ammonia ion solution did not lead to greater ion removal effi ciency, but to the balance between ions in bentonite and those in the solution. With the increase of acid-and alkaliactivated bentonite amounts, the effi ciency of ion removal increased, as a greater amount of bentonite could absorb a greater amount of ions. On the other hand, increase of the bentonite amount led to the decrease of exchange capacity while the solution/solid ratio was smaller (Dorhman 2006) . Interestingly, the capacity of alkaliactivated bentonite was approximately 50% higher than the corresponding capacity of acid-activated bentonite for the same amount of bentonite used (Table 3) .
Infl uence of ammonia ion concentration in the model solution on ion removal effi ciency is shown in Fig. 2 . Increase of ammonia ion concentration from 100 to 500 mg·L -1 slightly decreased ion removal effi ciency, while adsorption capacity decreased by increasing the concentration of electrolytes (Naseem and Tahir 2001) . In the concentration range studied, the decrease of ion removal effi ciency was 6% for alkali-activated bentonite, 13% for acid-activated bentonite, and 12% for experiments in which both types of bentonite were used. In order to obtain the combined action of bentonite, the ammonia ion solution was fi rst treated with alkali-activated bentonite and the suspension was fi ltered through a vacuum fi lter. The obtained solution was treated with acid-activated bentonite, after which the ammonia ion content in the solution was tested.
The highest ion removal effi ciency was obtained when the solution was treated with combined bentonites; this effi ciency was more than 80% when the concentration of ammonia ions in the solution was 500 mg·L -1 . All the solutions were mixed with bentonite in a mixer at a speed of 250 rpm because earlier experiments showed that the greatest percentage of ion removal happens after 5 minutes.
For the ammonia ion concentration of 100 mg·L -1 , the capacity of the exchange of alkali-activated bentonite is 3.91 mg of ions per gram of bentonite, that of acidactivated bentonite is 2.91 mg of ions per gram of bentonite, while the capacity of the exchange of the combined bentonite is 2.33 mg of ions per gram of bentonite. For the ammonia ion concentration of 500 mg·L -1 , the capacity of exchange of the alkali-activated bentonite is 18.02 mg of ions per gram of bentonite, that of acid-activated bentonite is 11.40 mg of ions per gram of bentonite, while that of the combined bentonite is 10.21 mg of ions per gram of bentonite. The highest exchange capacity has alkali-activated bentonite. The change of the montmorilonite structure during acid activation could be the reason for the decrease in the exchange capacity of the acid-activated bentonite (Brezovska et. al. 2004 ). Treating bentonite with acid resulted in partial removal of a layer of aluminum octahedron, placed between the two layers of the silicon tetrahedron, making swelling impossible (Lopez-Gonzalez and Deitz 1952) . Ion removal with acid-activated bentonite occurred at the surface of the bentonite and it could not absorb the full volume of the solution, as was the case with alkali-activated bentonite. Therefore acid-activated bentonite exhibited poorer effi ciency in ion removal than alkali-activated bentonite. On the other hand, alkali-activated bentonite swelled very well and showed a higher exchange capacity (Rožić et al. 2000) . With the increase of the concentration of the model solution (for 100 to 500 mg·L -1 ), the capacity of the exchange was higher. The higher concentration gradient was the main reason. The exchange capacity of the combined bentonite was the smallest because of the smallest solution/solid ratio (Dorhman 2006) .
Phosphate Ion Removal
Phosphate ion removal from a model wastewater with the concentration of 30 mg·L -1 was investigated on alkaliactivated bentonite with and without mixing (Table 4) . Ammonia ion solution was mixed with bentonite, with a mixer speed of 250 rpm.
Results showed that phosphate removal with alkaliactivated bentonite occurred in the fi rst fi ve minutes, regardless of whether the solution was mixed or not. Expanding the time of contact of bentonite with the solution, by mixing for 30 minutes had almost the same effect on absorption as did mixing for 5 minutes. The difference, in comparison with ammonia ion removal, can be explained by the fact that the overall phosphate ion removal was much lower (around 45%), and the concentration of phosphate ions was 10 times lower than the concentration of ammonia ions. On the other hand, the bentonite structure was slightly negative and therefore adsorbed negative ions poorly (i.e., phosphate ions; therefore phosphate ion removal was independent on mixing the model wastewater with bentonite).
Phosphate ion removal with acid-activated bentonite depends on mixing bentonite with the phosphate ion solution (Table 4 ). The fi rst thing to bear in mind is that the phosphate ion solution is neutralized because of the presence of a free hydrogen ion, and followed by a slight foaming when the bentonite is put into the solution. The pH of the suspension was 6.5 after mixing the solution with bentonite. Due to the reaction that happens between the solution and bentonite, good contact between the bentonite and the solution is important. For that reason the effect on ion removal is greater in the fi rst 5 minutes. Also, treating phosphate ion solution with acid-activated bentonite has a greater effect on ion removal than treatment with alkali-activated bentonite. With further expansion of contact time between the bentonite and phosphate ion solution, ions from bentonite pass into the solution and the effect on ion removal after 60 minutes was very small.
The percentage of removed phosphate ions of different concentrations (from 10 to 50 mg·L -1 ), after alkali-and acid-activated bentonite treatment, was high at the lowest concentrations, as is the case with different concentrations of ammonia (Table 4 ). The phosphate ion solution was mixed with a mixer at a speed of 250 rpm and mixing time of 5 minutes.
Further investigations were carried out in order to determine whether the percentage of ion removal depended on the order in which the solution was treated and on the importance of treating the solution fi rst with acid-activated bentonite and then with alkali-activated bentonite, or vice versa (Table 4 ). The results showed that a slightly greater amount of ions was removed if the solution was fi rst treated with acid-activated bentonite, followed by alkali-activated bentonite. A possible reason for this is that acid-activated bentonite removes a greater percentage of ions, after which alkali-activated bentonite removes the remaining smaller percentage.
When the phosphate ion solution was treated with combined bentonites, the highest effect on ion removal could be seen in the fi rst 5 minutes, while expansion of the contact time to 30 and 60 minutes had almost the identical effect on ion removal (Fig. 3) . Combined bentonite was obtained by treating phosphate ion solution fi rst with acid-activated bentonite. The suspension was fi ltered through a vacuum fi lter and the obtained solution was then treated with alkali-activated bentonite. The effect on ion removal with combined bentonite was greater, Fig. 3 . Infl uence of mixing times and types of bentonite used on effi ciency of phosphorus ion removal from model wastewater. Black bars = ion removal with acid-and alkali-activated bentonite; grey bars = ion removal with acid-activated bentonite; white bars = ion removal with alkali-activated bentonite.
as in the case with ammonia ion solution treatment, because the solution was treated with acid-and alkaliactivated bentonite. Ion absorption stagnation could also be observed here, as the ion removal effi ciency after 30 and 60 minutes was almost unchanged; in fact, it slightly decreased after 60 minutes.
Mixed Model Wastewater Treatment
Mixed model wastewater solution contained 30 mg·L -1 of phosphate ions and 300 mg·L -1 of ammonia ions. The experiments with model solution were carried out with acid-and alkali-activated bentonite, as well as with combined bentonites. The solution was mixed with bentonite for 5 minutes at a mixer speed of 250 rpm. If ammonia ion removal effi ciency was considered (Fig. 4) , the presence of phosphate ions slightly decreased the amount of absorbed ammonia ions in comparison with the single ion model experiment (up to 5%). The effi ciency of ion removal was highest when the mixed model wastewater was treated with combined bentonite. Similar results were obtained when phosphate ion removal effi ciency was considered (Fig. 5) . In this case a negative infl uence of ammonia ion on phosphate ion removal effi ciency was practically insignifi cant.
Conclusions
Alkali-and acid-activated granulated bentonites can be used for the pretreatment of petrochemical wastewaters. The highest effi ciency of ion removal is accomplished with combined bentonites, i.e., with combined treatment of model wastewater solutions with alkali-and acidactivated bentonite. High removal was observed when the solutions were mixed with the bentonite. This is particularly true for alkali-activated bentonite, which exhibited the highest effi ciency when it was mixed with the ion solution for 5 minutes, which was enough for granules to melt and for the contact to be formed. A bentonite particle size of 3 mm was found to be optimal for effi cient ion removal with both types of bentonite used.
The effi ciency of ion removal in treatment of mixed model wastewater was slightly lower compared with the treatment effi ciency of single ion model wastewater. The highest percentage of ion removal was accomplished when the model solution was treated with acid-and alkaliactivated bentonite mixed with model wastewater for 5 minutes. In this case, effi ciency of ion removal was 83% for ammonia ions and 71% for phosphate ions, making bentonites suitable for preatreatment of petrochemical wastewaters.
